Oncogenic stress-induced senescence (OIS) prevents the ability of oncogenic signals to induce tumorigenesis. It is now largely admitted that the mitogenic effect of oncogenes requires metabolic adaptations to respond to new energetic and bio constituent needs. Yet, whether glucose metabolism affects OIS response is largely unknown. This is largely because of the fact that most of the OIS cellular models are cultivated in glucose excess. In this study, we used human epithelial cells, cultivated without glucose excess, to study alteration and functional role of glucose metabolism during OIS. We report a slowdown of glucose uptake and metabolism during OIS. Increasing glucose metabolism by expressing hexokinase2 (HK2), which converts glucose to glucose-6-phosphate (G6P), favors escape from OIS. Inversely, expressing a glucose-6-phosphatase, pharmacological inhibition of HK2, or adding nonmetabolizable glucose induced a premature senescence. Manipulations of various metabolites covering G6P downstream pathways (hexosamine, glycolysis, and pentose phosphate pathways) suggest an unexpected role of the hexosamine pathway in controlling OIS. Altogether, our results show that decreased glucose metabolism occurs during and participates to OIS.
Otto Warburg was the first to describe a metabolic switch occurring in cancer tissues. In the presence of oxygen, instead of producing adenosine triphosphate (ATP) through oxidative phosphorylation, cancer cells exhibit high rates of glycolysis. Cancer cells divide rapidly and need favorable energy production rates. In these cells, glucose is rendered more bioavailable and metabolizable through upregulation of glucose transporters and metabolic enzymes. Tumor imaging exploits this fact to detect the presence of tumors throughout the body: cancer cells are labeled with the glucose analog 18 fluorine-fluorodeoxyglucose. Mechanistically, oncogenes products such as MYC, NF-kB, AKT, HIF, and E2F, and the tumor-suppressor genes products such as p53 and PTEN, which are respectively activated or inhibited in cancer, can act on either glucose transporters, glycolytic enzymes, or both, and this suggests that in cancer cells, the regulation of growth is coupled with that of metabolism. [1] [2] [3] [4] [5] [6] [7] [8] Mounting evidence suggesting that increased glycolysis plays a role in maintaining the malignant behavior of tumor cells has raised interest in targeting the metabolism of cancer cells in cancer therapy, [9] [10] [11] but the importance of glucose metabolism alterations early in tumorigenesis is poorly known. Failsafe programs can protect cells from transformation, and escape from them is necessary to allow early tumorigenesis. Senescence, because it involves stable cell cycle arrest and activates immune surveillance, 12 constitutes such a program.
Various studies have demonstrated that activation of oncogenes such as RAS, RAF, MEK, and others induces senescence in vitro. More recently, work on in vivo models has shown that premalignant lesions exhibit high senescence levels, whereas senescence is absent from malignant tumors, thus confirming a tumor-suppressor role for oncogeneinduced senescence (OIS). 13 Little is known about the features of glucose metabolism in cells undergoing OIS. It is also not known whether the features described in malignant tumors are acquired early or late in tumorigenesis. As far as we know, most of the papers studies senescence response in a context of glucose excess (25 mM) . Nevertheless, it is difficult to get a precise idea of glucose concentrations used as in most of the papers they are not mentioned, although they influence cell growth and senescence. 14, 15 Alterations in enzyme activities, especially in glycolytic and in tricarboxylic acid pathways, have been reported to modulate senescence response. Indeed, increased glycolytic enzyme activities favor senescence escape in mouse embryonic fiblroblasts. 5 Decreased tricarboxylic acid malic enzymes seem to participate in p53-induced senescence, 16 whereas the use of pyruvate dehydrogenase to fuel tricarboxylic acid cycle promotes senescence, 17 provoking a debate on the role of tricarboxylic acid cycle on senescence. Here, we used human epithelial cells cultivated at 8 mM glucose, rather close to its physiological level, to examine the role, if any, of glucose metabolism during OIS. Surprisingly, we found that glucose uptake and metabolization is altered after oncogenic stress and this alteration participates in senescence.
Results
OIS impairs glucose metabolism. To study glucose metabolism during OIS, we focused on human epithelial cells cultivated without glucose excess. We first immortalized human epithelial cells by expressing hTert to overcome replicative senescence. 18 Next, cells were infected with a retroviral vector coding a fusion protein (MEK/ER or RAF/ER) between a constitutively activated form of MEK1 or delta-BRAF and the hormone-binding domain of the human estrogen receptor (hbER). 19, 20 In response to 4-hydroxytamoxifen (4-OHT) and, as expected, MEK/ER-expressing cells showed phosphorylation of the MEK substrate ERK. The MEK induction resulted in a strong decrease of the Phospho-S10-Histone3 mitotic marker ( Figure 1a) . Accordingly, MEK activation blocked cell growth (Figure 1b) , induced the appearance of senescence-associated b-galactosidase activity (SA-b-Gal) (Figure 1c) , and increased expression of a set of senescence markers: Sprouty homolog 2 (SPRY2), 21 the interleukin-8 (IL-8), 22 and the Deleted In Esophageal Cancer 1 (DEC1) 23 ( Figure 1d ). Similar results were obtained using the RAF/ER-expressing cells, RAF being the upstream kinase of MEK (Supplementary Figure 1) , showing that RAF or MEK are equivalent systems to induce OIS.
To see whether glucose metabolism was altered during OIS, we first compared glucose consumption by MEK/ERactivated and -inactivated human epithelial cells. Uptake of extracellular glucose measurement revealed markedly decreased glucose consumption by senescent cells (Figure 1e ). In agreement with decreased glucose consumption, senescent cells displayed a decreased lactate production ( Figure 1f ) as well as lower ATP levels (Figure 1g ). Adding 4-OHT on immortalized cells (without MEK/ER) did not induce any senescence and glucose metabolism changes excluding a MEK-independent effect of the 4-OHT (Supplementary Figure 2) . Altogether, these results show a decrease in glucose metabolism during OIS in human epithelial cells.
Inhibition of the first step of glucose metabolism results in premature senescence. Glucose metabolism is thus regulated during OIS. We next wanted to examine whether cellular glucose metabolization shortage is involved in oncogenic stress-mediated senescence. We then blocked glucose-6-phosphate (G6P) accumulation to see if this would have an impact on senescence of human epithelial cells. This was done by constitutively expressing glucose-6-phosphatase (G6PC3) that catalyzes the conversion of G6P into glucose (Figures 2a and b) . As expected, G6PC3 constitutive expression correlated with the decrease of glucose consumption (Figure 2c Hexokinase expression sustains glucose metabolism and favors OIS escape. We next wanted to examine whether increasing glucose metabolism might promote escape of human epithelial cells from OIS by sustaining glucose metabolism. Hexokinases play a major role in this metabolism, catalyzing its first step (conversion of glucose to G6P; Figure 2a ) and thus determining both the glucose content of the cell and the level of glucose metabolization. 11, 26 We therefore investigated OIS escape and glucose metabolism in human epithelial cells constitutively expressing hexokinase 2 (HK2), the main hexokinase involved in increasing glycolysis in cancer cells. 6, 11 After retroviral transduction of HK2, we checked its constitutive expression by immunofluorescence ( Figure 3a ). As expected, constitutive HK2 expression sustained glucose consumption (Figure 3b Hexosamine pathway is a major pathway controlling OIS. In order to confirm the above described results, we next investigated the ability of glucose metabolites to allow an OIS bypass. We first began by treating the cells with G6P, the upstream glucose metabolite (Figure 4a ). Interestingly, daily treatment with G6P permits the cells to escape oncogenic stress-induced growth arrest ( Figure 4b ) as well as the appearance of SA-b-Gal marker (Figure 4d ). Thus, genetic (HK2 and G6PC ectopic expression), pharmacological (HK inhibition or 2DG), as well as metabolite manipulation through G6P all support the view that sustaining glucose metabolization favors OIS escape.
The upstream glucose metabolite, the G6P, fuels three main pathways: the glycolytic pathway, the hexosamine pathway, and the pentose phosphate pathway (PPP) (Figure 4a ). These pathways participate in producing basic cell components, energy, and in controlling the cell redox state. We then decided to investigate these three pathways. A decreased glycolytic pathway has already been proposed to participate in senescence 5 and is thus an obvious candidate pathway. As expected, blocking the glycolysis by the bromopyruvate, a GAPDH inhibitor, induced premature senescence and resulted in strong activation of the energy sensor AMPK (Supplementary Figure 5) . Nevertheless, pyruvate glycolysis metabolite was unable to induce an OIS Figure 5) , suggesting that the glycolysis, even if directly inhibited can induce a premature senescence, was not directly involved in the OIS we observed. We next investigated a putative role of the PPP in OIS. The knockdown of the G6P dehydrogenase (G6PDH), the ratelimiting enzyme of the PPP, did not modify cell growth (Supplementary Figure 5) and the NADPH PPP metabolite was unable to induce an OIS escape (Figures 4c and d) , suggesting that PPP was not involved in OIS in our model.
In conclusion, we investigated the potential role of the hexosamine pathway in OIS. Inhibition by azaserine of the glutamine fructose-6-phosphate amidotransferase (GFAT), the first enzyme of the hexosamine pathway, induced a premature senescence (Supplementary Figure 5) . Importantly, N-acetylGlucosamine (NAcGluc) was found to allow cells to bypass growth arrest and SA-b-Gal senescence marker appearance (Figures 4c and d ) without modifying glucose consumption or lactate production (Supplementary Figure 6) . In addition and as during OIS, and by contrast to the effect of the glycolysis pathway inhibition, inhibition of the hexosamine pathway only slightly activated AMPK (Supplementary Figure 5) . Together, these results point out the importance of the hexosamine pathway in the OIS response.
Discussion
The interest in glucose metabolism in cancer research field has recently raised and it is now largely recognized that metabolic alterations are part of the oncogenic program. [1] [2] [3] [4] [5] [6] [7] [8] 16, 17 Oncogenic signal, in normal cells, provokes senescence in order to avoid tumorigenesis; 13 the role of Although it has been reported that glucose levels affect senescence, most of the experiments performed to decipher the events involved in OIS are performed with excess glucose (generally 25 mM). The major problem is that most of the cellular model used (IMR-90, WI38, MEF cells, and so on) are adapted to grow with this high level of glucose, and decreasing this level can affect cell growth. 14 Here, we take advantage of primary human epithelial cells that grow at 8 mM glucose, nearly the normal level of glucose, to investigate the function of glucose metabolism during OIS. Our results show that glucose metabolism is impaired during OIS, in part due to a decreased glucose uptake. This decrease in glucose uptake did not seem to be due to a decrease in Glut1 or Glut3 expression, the expressed Glut in our cells (Supplementary Figure 7) . Further work looking at glucose transporter activity and glucose metabolism enzyme activity will be necessary to understand the molecular mechanisms inducing these glucose metabolism changes during OIS. Restoring glucose metabolism by constitutively expressing the HK2 and by treating the cells with G6P allows to bypass OIS, whereas inhibiting glucose metabolization by blocking the HK activity, by constitutively expressing the glucose-6-phsphatase, or by treating cells with 2DG induces a premature senescence. At first sight, a recent paper from Dorr et al., 27 showing that human and mouse fibroblasts upon RAS-induced senescence display increased glucose consumption and lactate production, might appear opposite to our results.
Nevertheless, we indeed observed that MEF cells (in classical culture condition, and hence in 25 mM glucose) upon constitutive RAS expression enter senescence with increased glucose consumption and lactate production (Supplementary Figure 8) . This apparently opposite results might be because of the high glucose concentration used in MEF and/or intrinsic differences between fibroblasts and epithelial cells and/or intrinsic differences between RAS and RAF/MEK. Indeed, RAS activates the RAF/MEK pathway and also activates the PI3K pathway that can activate glucose transport and metabolism, 28 eventually explaining the differences between glucose metabolism observed in these different models of OIS. Interestingly, the PI3K pathway has been reported in some models to inhibit RAS/RAF/MEK pathway-induced senescence, 29, 30 suggesting, with our results, that the anti-OIS effect of the PI3K pathway might, in part, be mediated by its ability to increase glucose uptake and metabolism.
Examining the pathways downstream of G6P involved in OIS surprisingly suggest that the hexosamine pathway is a key pathway in the response to oncogenic stress. This pathway controls the N-and O-glycosylation of the proteins and is involved in numerous biological processes such as ER stress, gene expression, signaling, and trafficking, and thus perturbation in that pathway may have pathophysiological consequences. [31] [32] [33] [34] This does not exclude that for other inducers of senescence other pathways might be involved. For example, ectopic expression of some glycolytic enzymes has been shown to enable MEFs to bypass senescence by enhancing the glycolytic flux, whereas inhibition of these enzymes results in senescence induction. 5 Enhancement of glucose metabolism, extensively studied in malignant cells, has been shown to participate in malignant behavior.
2 HK2, the most upstream glucose-metabolizing kinase, seems to play an important role in malignant cell growth, as the oncogenic transcription factors Myc and HIF can increase HK2 transcription, and as HK2 expression seems necessary to elicit a malignant cell phenotype. 6, 11, 35, 36 The increased glucose uptake and metabolism observed in malignant cells might thus be, at least in part, acquired during evasion to the oncogenic stress-induced senescence. It might not be surprising taking into account the fact that OIS escape is often considered as a step participating in the malignant conversion of benign tumor. 13, 37 Supporting this assumption, HK2 expression is significantly increased in 32% (15.9-fold, P ¼ 0.00018) of the malignant melanomas tested as compared with melanocytic nevi, their benign, senescent counterparts (Supplementary Figure 9) . 38 In addition and in agreement with our results, a recent paper showed that HK2 is required for tumor initiation induced by KRas or ErbB2. 39 Altogether, our results support the view that the level of glucose metabolization and the hexosamine pathway are key determinants of the OIS response in human cells. This study naturally opens new avenues of research into relationships between OIS and glucose metabolism.
Materials and Methods
Cell culture. Human mammary epithelial cells (Lonza, Barcelona, Spain) were cultured in mammary epithelial cell growth medium containing 8 mM glucose (Promocell, Heidelberg, Germany) and 100 U/ml penicillin/streptomycin (Life Technologies, Saint Aubin, France). Virus-packaging GP293 cells (Clontech, SaintGermain-en-Laye, France) were cultured in Dulbecco's modified Eagle's medium (DMEM, Life Technologies) with 10% FBS (Life Technologies) and penicillin/ streptomycin. The cells were maintained at 371C under a 5% CO 2 atmosphere.
Retroviral infection. GP293 cells were transfected with PEI reagent (Euromedex, Souffelweyersheim, France) according to the manufacturer's recommendations. At 2 days after transfection, the viral supernatant was mixed with fresh medium (1/2) and polybrene at 8 mg/ml (Sigma, Lyon, France) to infect target cells. Human epithelial cells were selected with G418 (Life Technologies) at 100 mg/ml or/and puromycin (InvivoGen, Toulouse, France) at 500 ng/ml.
Plasmids and reagents. The plasmids were pNLCDMEK1 (DN3, S218E, S222D)/ER (Neo R) and pBabe-puro-BRAF/ER. 20 pWZL Neo Myr Flag HK2 was obtained from Addgene (Cambridge, MA, USA) (Plasmid 20501). 40 Human G6PC3 cDNA (Human MGC Verified FL cDNA, Clone ID 3050476; Thermo Scientific, Waltham, MA, USA) was excised with EcoRI-XhoI and inserted into the pLPC-puro vector.
The 4-OHT (H7904, Sigma) was used daily for 3 days at 500 nM. The hexokinase inhibitor Lonidamine (L4900, Sigma) was used daily at 25 mM. G6P (G7772, Sigma) was used every other day at 5 mM, NADPH (N5130, Sigma) was used daily at 100 mM, sodium pyruvate (11360039, Life Technologies) was used at 5 mM daily, and NAcGluc (A3286, Sigma) was used daily at 40 mM.
Immunoblotting and immunofluorescence. Immunoblot and immunofluorescence analyses were performed as described in Bernard et al. 41 The SA-b-Gal analysis. At 6-10 days after initial treatment, the cells were fixed with 4% PFA and processed as described in Augert et al.
42
ATP-level measurement. Human epithelial cells were seeded into 10-cm dishes at 2.10 5 cells/dish and treated with 500 nM 4-OHT daily for 3 days. ATP levels were measured 1 day after the third 4-OHT treatment for human epithelial cells. The cells were washed with iced-cold 1 Â PBS and extracted in an ATPreleasing buffer containing 100 nM potassium phosphate buffer at pH 7.8, 2 mM EDTA, 1 mM dithiothreitol, and 1% Triton X-100. 43 Then, 2 ml of lysate was used for protein determination by the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA). This involves adding an acidic dye to the protein-containing lysate and measuring the absorbance at 595 nm with a spectrophotometer.
Comparison with a standard curve of bovine serum albumin (BSA, Sigma) provides a relative measurement of protein concentration. Samples were diluted in order to assess the ATP content per 10 mg protein in each condition. ATP was determined according to the manufacturer's instructions (ATP determination kit, Life Technologies). ATP levels were first expressed in nM ATP per 10 mg protein and then normalized with respect to the level in control samples.
Glucose and lactate assays. After senescence induction by 2 days of 500 nM 4-OHT treatment, 9.10 4 cells were seeded into six-well plates and treated or not with 4-OHT. After 24 h, the supernatants were collected and filtered and then glucose and acid lactic were assayed. Assays for glucose and lactic acid were performed with an automated analyzer, Architect C16000 (Abbott Laboratories, Abbott Park, IL, USA).
Lactic acid was quantified on the basis of its lactate oxidase-catalyzed conversion to pyruvate and hydrogen peroxide (H 2 O 2 ), followed by peroxidase-catalyzed conversion of the chromogen precursor ABTS (2,2 0 -azino-di-(3-ethylbenzthiazoline sulfonate)) to its chromogen in the presence of H 2 O 2 . The chromogen was quantified spectrophotometrically at 548 nm, and its appearance was strictly proportional to the lactic acid concentration. This assay is linear between 0.020 and 13.32 mmol/l. Manual dilution was performed before quantification in the case of the highest concentrations. Lactate production was calculated as the lactate concentration measured in the cell supernatants minus the lactate concentration measured in the cell medium.
Glucose was quantified enzymatically by coupling of the actions of hexokinase (HK) and G6P dehydrogenase. In the presence of ATP and Mg2 þ , glucose is phosphorylated to G6P by hexokinase, and ADP is produced. The G6P is converted to 6-phosphogluconate by G6P dehydrogenase. This reaction requires conversion nicotinamide adenine dinucleotide from its oxidized form (NAD þ ) to its reduced form (NADH). The glucose concentration is directly proportional to the generated NADH concentration that is spectrophotometrically measured at 340 nm. This assay Glucose metabolism and senescence D Gitenay et al
